Introduction {#Sec1}
============

Insulin is secreted by islet beta cells^[@CR1]^, and is the only protein hormone in the body that can lower blood glucose levels^[@CR2]^. The action of insulin are a critical part of normal development, food intake, and energy balance^[@CR3]^. Chickens are insulin-resistant and significantly resistant to high concentrations of insulin; they have higher blood glucose concentration than mammals, even in a fasted state^[@CR4]^, but do not develop diabetes. The uptake of glucose in the bloodstream is the rate-limiting step in systemic glucose utilization, and this process is regulated by the membrane protein family of glucose transporters (GLUTs)^[@CR5]^. The expression and protein activity of GLUTs are important for maintaining glucose homeostasis and providing nutrient substrates^[@CR6]^. GLUT4 is present almost exclusively in insulin-sensitive tissues such as muscle and adipose tissue, and it is an insulin sensitive glucose transporter responsible for rapid glucose transport following insulin stimulation in mammals^[@CR7],[@CR8]^. However, chickens were thought to lack GLUT4^[@CR9],[@CR10]^, and the chicken insulin signaling cascade appears to be different from that in mammals^[@CR11],[@CR12]^. Despite this, insulin-dependent glucose transport may still be functional in birds^[@CR13]^. It has been found that other GLUT proteins may respond to insulin and promote glucose uptake when tissues are stimulated by insulin in birds. GLUT2 has a low affinity and high capacity for glucose transport, plays an important role in the body's glucose metabolism and regulates glucose homeostasis in mammals^[@CR14]^. GLUT2 is abundantly expressed in chicken liver, an important tissue that responds to insulin^[@CR14]^. The relatively high GLUT2 expression in liver might be one of the clues for understanding chicken glucose homeostasis that sustains hyperglycemia. In addition, GLUT12 may be a novel insulin-sensitive GLUT which has been described to act as an insulin-sensitive GLUT in mammals and function similar to GLUT4^[@CR11]^.

Zhang *et al*. have studied the effects of insulin injection (at 60 min) on the mRNA levels of glucose transporter and appetite-associated factors in various tissues of chickens selected for low or high body weight^[@CR14]^. Franssens *et al*. have reported the effects of insulin on plasma glucose concentrations and the expression of hepatic glucose transporters and key gluconeogenic enzymes during the perinatal period in broiler chickens^[@CR12]^. Coudert *et al*. have determined the expression of GLUT1, GLUT8 and GLUT12 in different chicken muscles during ontogenesis, and found that the expression of GLUT12 differs considerably among muscles but is not necessarily associated with the muscle contractile or metabolic type^[@CR15]^. Insulin immuno-neutralization decreases food intake in chickens without altering the expression of hypothalamic transcripts involved in food intake and metabolism^[@CR16]^.

The olfactory bulb (OB), located in the forebrain of vertebrates, receives neural input regarding odors detected by cells in the nasal cavity, which contains the highest levels of insulin and insulin receptors (IRs) in the brain^[@CR17]^. Insulin has also been reported to be involved in the modulation of olfactory function in rats. These findings suggest that the OB should have important functions in regulating energy homeostasis. The response of the OB to exogenous insulin was previously unknown in chickens.

In addition to stimulating postprandial glucose uptake, an another major mechanism of insulin action is in stimulating FFA (Free Fat Acid) esterification^[@CR18]^. Insulin-resistant states, such as obesity and type 2 diabetes, are frequently exhibit altered lipoprotein levels and composition^[@CR19]^, one important complication is an atherogenic dyslipidemia profile characterized by hypertriglyceridemia, low plasma high-density lipoproteins (HDL) cholesterol and a small, dense low-density lipoprotein (LDL) particle profile^[@CR20],[@CR21]^. In other words, insulin resistance is also closely related to lipid metabolism.

Moreover, the insulin-dependent effects on gene expression in chickens are unclear. There have been no reports on the temporal changes in circulating metabolites and glucose-metabolism related genes in chickens under insulin stimulation. Silky chickens are used in Chinese traditional medicine and have black skin and low growth rates, whereas Arbor Acres (AA) broilers have rapid early growth rates. Here, we focused on revealing the dynamic responses to exogenous insulin in the breeds by comparing the insulin sensitivity through insulin resistance tests, investigating the changes in circulating insulin and metabolite levels, and determining the mRNA levels of GLUT2, GLUT12, IR and neuropeptide Y (NPY) in insulin-sensitive tissues including the liver, pectoralis muscle (PM), pancreas and OB. These results provide new insights to improve understanding the fine regulation of glucose utilization in chicken tissues. In addition, broilers may be a good model of human obesity, and research using this model would provide a reference for understanding human health.

Results {#Sec2}
=======

Insulin resistance of AA and Silky {#Sec3}
----------------------------------

The blood glucose concentration was stable at approximately 10 mmol/L within 240 min after PBS injection in both broilers and Silky fowls (Fig. [1A](#Fig1){ref-type="fig"}). After insulin injection (Fig. [1B](#Fig1){ref-type="fig"}), the blood glucose concentration decreased almost linearly in the first 120 min, and the blood glucose concentration in Silky fowls decreased more severely. Among them, the blood glucose of Silky fowls was significantly lower than that of broilers at 15 min (*P* \< 0.05) and 30 min (*P* \< 0.05) after insulin injection. At 120 min after insulin injection, the blood glucose of broilers and Silky fowls decreased to a similar level (approximately 4 mmol/L). Immediately after measuring the blood glucose of 120 min post insulin injection, restore feeding to chickens for 2 h and measured the blood glucose at last. The blood glucose concentration of Silky fowls increased rapidly, and the 240 min level was close to 0 min level (*P* \> 0.05), whereas the blood glucose of broilers increased less intensely after 2 h refeeding, and the 240 min level remained close to the 120 min level (*P* \> 0.05). At 240 min, Silky fowls had higher blood glucose than AA broilers (*P* = 0.058, Fig. [1B](#Fig1){ref-type="fig"}).Figure 1Insulin tolerance test of AA broilers and Silky fowls. (**A**) Control groups (n = 6/breed) were injected with an equal volume of PBS after 12 h fasting. (**B**) Experimental groups (n = 6/breed) received an injection of insulin (80 μg/kg BW). In the same breed, different letters indicate *P* \< 0.05, and the same letter indicates *P* \> 0.05. In the same time point, \* means *P* \< 0.05 between two breeds, no \* means *P* \> 0.05.

Effects of exogenous insulin on serum insulin concentration {#Sec4}
-----------------------------------------------------------

Based on the data of the effect of different insulin treatment time (0 min, 120 min and 240 min, denoted the time effect) on broilers and Silky fowls, two-way ANOVA was first performed to analyze the effect of breed and time effect on the serum insulin levels. The effect of exogenous insulin on the serum insulin concentration showed a clear interaction of time and breed (*P* = 0.008). The dynamic changes of serum insulin showed a significant difference between Silky fowls and AA broilers in response to exogenous insulin. Therefore, we analyzed the effect of breed and time effect on the serum insulin levels separately by one-way ANOVA. The serum insulin levels of AA broilers were approximately three-fold higher than those of Silky fowls at the basal state (12 h fasting, Fig. [2](#Fig2){ref-type="fig"}, *P* \< 0.05). After insulin injection, the serum insulin concentration of broilers markedly decreased, the insulin level at 120 min and 240 min were only 23% (*P* \< 0.05) and 14% (*P* \< 0.05) of that at the basal state, respectively. In contrast, Silky fowls showed stronger recovery of serum insulin levels after exogenous insulin stimulation; the serum insulin levels fluctuated and increased somewhat at 120 min (*P* \> 0.05), but returned to the 0 min level at 240 min (Fig. [2](#Fig2){ref-type="fig"}). Besides, at 120 min and 240 min after insulin stimulation, the serum insulin concentration of broilers were lower than that in Silky chickens, and the difference reached a significant level at 240 min (*P* \< 0.05).Figure 2The effect of exogenous insulin on serum insulin level. Birds were received 80 μg insulin/kg BW after 12 h fasting. Different capital letters across time indicates *P* \< 0.05 in the same breed. \* across breed indicates *P* \< 0.05. Absence of letter/\* or same letter indicates *P* \> 0.05. The effect values for two-way ANOVA were presented in Figure.

Effects of exogenous insulin on serum biochemical indexes {#Sec5}
---------------------------------------------------------

We evaluated the effects of insulin treatment time (0 min, 120 min and 240 min) and breed on serum biochemical indexes through one-way ANOVA and two-way ANOVA (Table [2](#Tab2){ref-type="table"}). The serum urea content was significantly (*P* \< 0.05) higher in Silky fowls than AA broiler chickens, whereas exogenous insulin had no significant effect on serum urea level. The interaction of breed and time effect was significant for serum URIC level (*P* \< 0.05), exogenous insulin did not significantly affect serum URIC level in broilers, whereas it significantly up-regulated the URIC level in Silky fowls in a time dependent manner. The 240 min URIC level of Silky fowls was significantly higher than the 0 min level (before insulin injection) of Silky fowls and the 240 min level of broilers (*P* \< 0.05). In addition, there was a significant interaction of breed and time effect on serum CHOL (*P* \< 0.05). Exogenous insulin increased the serum CHOL at 120 min of Silky chickens, which was significantly higher than that of Silky fowls at 0 min and 240 min and broilers at 120 min post insulin injection. No significant effects were observed on other serum lipid indexes, including TG, HDLD and LDLD (Table [2](#Tab2){ref-type="table"}). Furthermore, the correlation analysis between serum glucose and other serum biochemical indexes showed that serum glucose was significantly correlated with urea (Fig. [3A](#Fig3){ref-type="fig"}, r = 0.396, *P* = 0.001) and URIC content (Fig. [3B](#Fig3){ref-type="fig"}, r = 0.349, *P* = 0.0038).Table 1Primers used for real-time PCR.GeneAcession No.Sequence(forward/reverse, 5′-3′)GLUT2NM_207178.1AGTACATCGCGGATCTGTGC/TGACTTCCCCTTCGTTTCGGGLUT12XM_419733.4TGGGGTCTCACACAGAGAGT/GGACGAGCCAAGACATTGGTNPYM87294.1GATCCCGGTTTGAAGACCCT/CTGCATGCACTGGGAATGACIRXM_001233398.4CAGTGATGTGTACGTTCCCGA/CCAGCTCTCCCTTCACGATGIR = insulin receptor; NPY= neuropeptide Y.Table 2Effect of insulin treatment on serum biochemical indicators.Items Time point^a^BreedP ValueAA broilerSilky fowlBreedTimeBreed×TimeUREA mmol/l0 min0.41 ± 0.080.75 ± 0.07\#NSNS120 min0.24 ± 0.04\*0.85 ± 0.08240 min0.31 ± 0.04\*0.82 ± 0.13URIC mmol/l0 min238.00 ± 61.05230.67 ± 16.74 A\#NS\#120 min334.25 ± 58.04359.50 ± 56.57240 min197.60 ± 17.83\*482.33 ± 74.33BCHOL mmol/l0 min3.10 ± 0.213.52 ± 0.20 A\#\#\#120 min3.22 ± 0.37\*4.78 ± 0.50B240 min3.27 ± 0.103.02 ± 0.24 ATG mmol/l0 min0.26 ± 0.030.41 ± 0.04NSNSNS120 min0.38 ± 0.040.61 ± 0.14240 min0.43 ± 0.100.47 ± 0.06HDLD mmol/l0 min2.33 ± 0.132.45 ± 0.15NSNSNS120 min2.20 ± 0.282.45 ± 0.32240 min2.12 ± 0.212.13 ± 0.16LDLD mmol/l0 min0.63 ± 0.060.83 ± 0.19NSNSNS120 min0.75 ± 0.171.89 ± 0.79240 min0.75 ± 0.090.70 ± 0.07^a^Means at 0 min, 120 min and 240 min after insulin injection (denoted the time effect). Data are expressed as mean ± standard error. Different capital letters across time indicates *P* \< 0.05, \* across breed indicates *P* \< 0.05, absence of letter or \* indicates that the statistical analysis was non-significant. NS = not significant, ^\#^ means *P* \< 0.05.Figure 3The correlation analysis for serum glucose with other biochemical indexes. **(A**) Correlation of serum GLU with urea (n = 67). (**B**) Correlation of serum GLU with URIC (n = 67).

The mRNA abundance of candidate genes in two breeds {#Sec6}
---------------------------------------------------

Real-time PCR was used to quantitatively analyze the abundance of GLUT2, GLUT12, NPY and IR mRNA in four different tissues including the OB, PM, pancreas and liver of 47 d female AA broilers and Silky fowls. Based on the data from four tissues of broilers and Silky fowls, one-way ANOVA was used to analyze the effect of tissue. At the basal state of 47 d, the mRNA level of GLUT2, GLUT12, NPY and IR varied significantly among tissues, and each gene was clearly predominantly expressed in a different tissue (Fig. [4](#Fig4){ref-type="fig"}). The mRNA abundance of GLUT2 was the greatest in the liver (*P* = 0.052, Fig. [4A](#Fig4){ref-type="fig"}); GLUT12 was predominantly expressed in the PM (*P* \< 0.01, Fig. [4B](#Fig4){ref-type="fig"}); NPY mRNA level was the highest in the OB (*P* \< 0.01, Fig. [4C](#Fig4){ref-type="fig"}) and the highest IR mRNA level was found in the pancreas (*P* \< 0.01, Fig. [4D](#Fig4){ref-type="fig"}) among the four tissues. Moreover, we analyzed the effect of breed on gene mRNA abundance in a certain tissue by one-way ANOVA, the effect of breed on mRNA levels was significant only for NPY in the OB (AA broilers \> Silky fowls, *P* \< 0.05, Fig. [4C](#Fig4){ref-type="fig"}) and IR in the pancreas (AA broilers \< Silky fowls, *P* \< 0.05, Fig. [4D](#Fig4){ref-type="fig"}).Figure 4The mRNA abundance of candidate genes among different tissues in the basal state. Chickens were slaughtered after 12 h fasting (n = 6/breed). (**A**) GLUT2; (**B**) GLUT12; (**C**) NPY; (**D**) IR. OB = olfactory bulb, PM = pectoralis major, Panc = pancreas. \*above bars indicates significant difference at *P* \< 0.05.

Effects of exogenous insulin on mRNA levels of candidate genes {#Sec7}
--------------------------------------------------------------

Real-time PCR was used to quantitatively analyze the variation of GLUT2, GLUT12, NPY and IR mRNA abundance in four different tissues of 47 d female AA broilers and Silky fowls after insulin injection. Based on the data from four tissues (OB, PM, pancreas and liver) from broilers and Silky fowls of different insulin treatment time (0, 120, 240 min), two-way ANOVA was performed to analyze the effect of breed and time on these four gene mRNA abundance. This analysis (Table [3](#Tab3){ref-type="table"}) showed that each gene was insulin sensitive in its predominantly expressed tissue under exogenous insulin stimulation, and a significant main effect of time (after insulin injection) was observed at the mRNA level for four candidate genes: GLUT2 (*P* = 0.029), GLUT12 (*P* = 0.050), NPY (*P* = 0.010) and IR (*P* = 0.013). In addition, the mRNA level of GLUT2, NPY and IR showed a significant interaction of breed and time effect in the OB response to exogenous insulin, whereas the interaction did not significantly affect the expression of these four genes in the liver, PM and pancreas (Table [3](#Tab3){ref-type="table"}).Table 3Effect of insulin treatment on genes of broilers and Silky fowls.P valueOlfactory bulbPectoralis majorPancreasLiverGLUT2Breed\<0.010.2660.8450.147Time^a^0.0010.3300.0140.029Breed\*Time\<0.010.9090.1120.235GLUT12Breed0.340.5060.0500.762Time0.9840.0500.4090.152Breed\*Time0.1610.7420.8900.117NPYBreed0.4990.5460.3310.122Time0.0100.0270.5820.504Breed\*Time0.0060.7470.2660.509IRBreed0.6970.0770.0020.073Time0.6490.7540.0130.058Breed\*Time0.0350.2320.0680.322^a^Time effect means the different time point post insulin treatment.

In addition, we analyzed the effect of insulin treatment time on gene mRNA abundance of AA broilers or Silky fowls separately by one-way ANOVA (Fig. [5](#Fig5){ref-type="fig"}). After insulin injection, the abundance of GLUT2 mRNA decreased in the liver of broilers (Fig. [5A](#Fig5){ref-type="fig"}) and Silky chickens (Fig. [5B](#Fig5){ref-type="fig"}), and the difference reached a statistical level in broilers (*P* \< 0.05). In addition, at 240 min post insulin injection, GLUT2 mRNA level was significantly higher than the 0 min and 120 min in the OB and pancreas of broilers (Fig. [5A](#Fig5){ref-type="fig"}), whereas GLUT2 mRNA level was not significantly different among time points after insulin injection in these four tissues of Silky chickens (Fig. [5B](#Fig5){ref-type="fig"}). These results indicated that GLUT2 is more insulin sensitive in broilers than in Silky chickens (Fig. [5A,B](#Fig5){ref-type="fig"}). GLUT12 was predominantly expressed in the PM, where it was up-regulated (*P* = 0.05) at 120 min, and returned to the basic level at 240 min after exogenous insulin stimulation both in AA broilers and Slky fowls (Fig. [5C,D](#Fig5){ref-type="fig"}). NPY was predominantly expressed in the OB, where its dynamic changes showed clear breed-specific differences under insulin stimulation. In AA broilers, the mRNA abundance of NPY in the OB increased approximately four-fold at 120 min (*P* \< 0.05) and then slightly decreased at 240 min in response to exogenous insulin (Fig. [5E](#Fig5){ref-type="fig"}). In contrast, in Silky fowls, NPY mRNA showed a slight increase at 120 min and then a drastic up-regulation (approximately five-fold) within 120--240 min (*P* \< 0.05) after insulin stimulation (Fig. [5F](#Fig5){ref-type="fig"}). In addition, the NPY mRNA levels in Silky chickens were also significantly up-regulated in PM tissues, in a pattern similar to that in OB tissues (*P* \< 0.05, Fig. [5F](#Fig5){ref-type="fig"}). In response to exogenous insulin, IR mRNA expression also showed different change patterns (*P* ~Breed\*Time~ = 0.068, Table [3](#Tab3){ref-type="table"}) in the pancreas and OB tissues (*P* ~Breed\*Time~ = 0.035, Table [3](#Tab3){ref-type="table"}) between broilers and Silky chickens. After insulin injection, there were no significant change occurred at 120 min of the IR mRNA level but it were significantly down-regulated at 240 min in the OB (*P* \< 0.05) of broilers and dropped to approximately half of the previous levels (Fig. [5G](#Fig5){ref-type="fig"}); while in the OB of Silky fowls, the IR mRNA abundance showed a rising trend in response to exogenous insulin but not reach the statistical levels (*P* \> 0.05). The IR mRNA level was significantly down-regulated (*P* \< 0.05) at 120 min and 240 min in the pancreas of Silky chickens and there were no significant difference between 120 min and 240 min (Fig. [5H](#Fig5){ref-type="fig"}), but there were no significant difference among three time points in the pancreas of Broilers (Fig. [5G](#Fig5){ref-type="fig"}).Figure 5The effects of exogenous insulin on mRNA abundance of candidate genes among different tissues. Fowls were injected with 80 μg insulin/kg BW via hypodermic (n = 6 for each time-point/breed). Left side is for AA broilers and right side is for Silky fowls. (**A**,**B**) GLUT2; (**C**,**D**) GLUT12; (**E**,**F**) NPY; (**G,H**) IR. OB = olfactory bulb; PM = pectoralis major; Panc = pancreas. Different capital letter across samples in one tissue indicates *P* \< 0.05, same letter indicates *P* \> 0.05.

Based on the data of four genes mRNA abundance in four tissues (OB, PM, pancreas and liver) of 47 d broilers and Silky fowls, pearson correlation between the mRNA levels of genes was analyzed. The results revealed that there was a strong positive correlation between the mRNA levels of IR and GLUT12 in PM tissue (Fig. [6A](#Fig6){ref-type="fig"}, r = 0.5116, *P* = 0.0023) and all detected samples (Fig. [6B](#Fig6){ref-type="fig"}, r = 0.2929, *P* = 0.0001).Figure 6The correlation of GLUT12 and IR mRNA abundance. In pectoralis muscle (n = 36); (**B**) In all detected samples (n = 144).

Discussion {#Sec8}
==========

Many homeostatic events are maintained in animal bodies, for example, the blood glucose level is under persistent tight regulation because of its crucial physiologic aspects, given that too much or too little glucose can cause detrimental effects^[@CR22]^. Reference to the negative association of fasting insulin levels and insulin resistance with pancreatic β-cell function found by Zhang *et al.*^[@CR23]^. We observed that, compared with Silky chickens, broiler chickens showed insulin resistance with higher fasting serum insulin concentrations, and impaired homeostasis of both blood glucose and the circulatory insulin in response to exogenous insulin. In contrast, Silky chickens showed stronger glucose homeostasis regulation than AA broilers, which was consistent with their higher IR levels in the basal state in the pancreas and the stronger serum insulin homeostasis regulation in response to exogenous insulin. It showed that the difference in the regulation of blood glucose homeostasis between two breeds may be related to their pancreatic IR levels and fasting insulin levels at the basal state and their different dynamic responses to exogenous insulin. Similarly, hyperphagic low weight chickens successfully return to initial blood glucose levels at 180 min after insulin injection (80 μg/kg weight), whereas hypophagic obese high weight chickens failed to do this^[@CR24]^. Results suggest that low body weight chickens should have better glucose regulation ability in response to exogenous insulin perturbation.

In mammals, URIC may affect blood glucose levels, disturbing glucose metabolism and insulin sensitivity^[@CR25]^. Insulin secretory defects have been found to be associated with human chronic kidney disease arising from elevated circulating levels of urea that may increase islet protein O-GlcNAcylation and impair glycolysis^[@CR26]^. Here, we also observed that blood glucose was positively correlated with circulating urea and URIC. Birds had relatively high plasma glucose levels, as well as high metabolic rates and body temperatures, but they are much longer-lived than mammals with equivalent body mass^[@CR27]^. This phenomenon was thought to be related to a process likely to occur through endogenous antioxidant mechanisms, such as those involving URIC, a potent antioxidant that ameliorates oxidative stress^[@CR28]^. In this study, we found that at 120 min of insulin treatment, the CHOL concentration in the serum of Silky fowls increased significantly, and the LDLD responsible for transporting CHOL also increased to a certain extent, but this phenomenon was not observed in broilers. We suspect that Silky fowls may use more fat breakdown to provide energy to maintain the body needs, which may also be part of the reason for the rapid blood glucose recovery.

In mammals, liver and skeletal muscle are the main insulin sensitive tissues. Skeletal muscle is responsible for a significant fraction of glucose uptake from the blood stream in the insulin-stimulated state^[@CR29]^. More than 60% of blood glucose is absorbed by skeletal muscle^[@CR30],[@CR31]^. And in growing broiler chickens, with the rapid increase of skeletal muscle mass, it is likely that glucose uptake by the skeletal muscles increases in importance^[@CR32]^. The insulin cascade appears to respond normally in chicken liver but to be refractory in chicken muscle^[@CR11],[@CR33]^, lack of GLUT4 might be one reason for the unorthodox glucose homeostasis in chickens. IR is in an early stage in the insulin signaling cascade. In accordance with findings from Dupont *et al*.^[@CR33]^, in the present study, insulin stimulation did not result in a significant change in IR mRNA levels in the pectoralis of both broiler and Silky chickens.

Recent findings in mammals suggest that, in addition to GLUT4, GLUT12 may be a second insulin-sensitive glucose-transporter^[@CR10]^. In this research, GLUT12 was predominantly expressed in birds' skeletal muscle, as previously reported^[@CR11]^. Moreover, IR mRNA level showed a strong correlation with GLUT12 level in the PM tissue (r = 0.5116). These suggested that GLUT12 maybe an important insulin-sensitive transporter and function as the major glucose transporter in compensation for the lack of GLUT4 in chicken skeletal muscle tissue, and that chicken GLUT12 may regulate blood glucose in birds through the IR signaling cascade pathway, as occurs in mammals.

In chickens, similarly to mammalian species, there is abundant GLUT2 expression in the liver and pancreas^[@CR34],[@CR35]^. GLUT2 gene expression has been shown to be concerned in the regulation of glucose metabolism in the liver^[@CR36],[@CR37]^. In this study, GLUT2 mRNA level was down-regulated at 120 min and 240 min in the liver post insulin injection both in broilers and Silky fowls. Zhang *et al*. have also found that exogenous insulin decreases the mRNA abundance of IR and GLUT2 (60 min after intraperitoneal injection) in the liver in broilers^[@CR14]^. Chicken liver GLUT2 mRNA was also down-regulated in day 16 broiler embryos and newly hatched chicks after insulin injection^[@CR38]^. The down regulation of GLUT2 in the liver in fowls may be a compensatory mechanism to prevent further utilization of glucose in the liver during insulin-induced hypoglycemia that sustains hyperglycemia even in a fasting state. In addition, our research showed that GLUT2 was more insulin sensitive in broilers than in Silky chickens, in multiple tissues including the liver, pancreas and OB.

As a metabolic sensor of brain insulin and glucose concentrations^[@CR17]^, the OB tissue of broilers was more sensitive to exogenous insulin, where GLUT2, NPY and IR mRNA levels were significantly changed. NPY is the most potent orexigenic peptide found in the brain; it decreases latency to eating, increases motivation to eat and delays satiety by augmenting meal size^[@CR39]^. Sindelar *et al*. found after induction of a moderate hypoglycaemia by insulin, the feeding response is much larger in normal mice than in mice lacking NPY^[@CR40]^. In our research, we found that NPY was highly expressed in the OB tissue of broilers in the basal state, whereas insulin stimulation resulted in aggressive NPY up-regulation in the OB tissue of Silky fowls but not broilers at 240 min. The level change of NPY in the OB tissue was in accordance with the appetite action in two breeds, we observed that Silky chickens had better appetite recovery after 120 min of insulin injection, and more Silky chickens began to forage at 120 min after refeeding.

Conclusions {#Sec9}
===========

Silky fowls presented greater blood glucose recovery than AA broilers in the insulin resistance tests. The strong ability to regulate glucose homeostasis is in agreement with their higher IR levels in the basal state and stronger serum insulin homeostasis regulation response to exogenous insulin. In contrast, broilers showed resistance with higher fasting serum insulin concentrations, and impaired regulation of blood glucose homeostasis and the serum insulin homeostasis response to exogenous insulin. The difference between the two breeds in the regulation of blood glucose homeostasis may be related to their IR levels in the pancreas in the basal state and after exogenous insulin stimulation. GLUT2, GLUT12, NPY and IR are predominantly expressed in the liver, PM, OB and pancreas, respectively, and the genes had relatively stronger insulin sensitivity in the tissue where they were predominantly expressed. We observed a positive correlation between IR and GLUT12 mRNA expression not only in the PM tissue but also in all detected samples, which supports that chicken GLUT12 in skeletal muscle acts as an insulin sensitive transporter similar to GLUT4 in mammals, and suggests that chicken GLUT12 may regulate blood glucose in birds through the IR signaling cascade pathway.

Materials and methods {#Sec10}
=====================

Animals {#Sec11}
-------

Female AA broilers and Silky fowls were reared in with free access to water and a conventional balanced diet, which was formulated according to the nutritional standards for broilers recommended by the NRC (Nutrient Requirements for Poultry, 1994) in mash form until 47 days of age. The research protocol was approved by the Animal Care and Use Committee of Henan Agricultural University (Zhengzhou, China). The room temperature was maintained at 33--35 °C in the first week, and decreased by 2--3 °C per week there after until 24 °C and keep this temperature; humidity and ventilation were controlled. Chickens were exposed to a 24-h light regimen in the first week and then maintained for 23 h.

Insulin tolerance tests and sample collection {#Sec12}
---------------------------------------------

At 47 days of age, after 12 h fasting (free access to water) chickens with similar body weight (close to the average weight) of AA broilers (average weight = 1.86 kg) and Silky fowls (average weight = 0.75 kg) were randomly divided into the insulin group (n = 12/breed) and phosphate buffered saline (PBS) group (n = 12/breed), respectively. The insulin groups received an injection of insulin (80 μg/kg BW), and the PBS control groups were injected with an equal volume of PBS. Blood glucose was measured at 0, 15, 30, 60 and 120 min (after insulin/PBS injection) via the wing vein with a handheld glucometer (ACCU-CHEK Performa, Roche, Germany). Fowls were given feed at 120 min after insulin injection for 2 h, and blood glucose concentrations were measured again at 240 min post injection. Before PBS/insulin injection, six chickens from the Silky and broiler groups were sacrificed after 12 h fasting (denoted 0 min). In addition, the insulin group chickens were killed at 120 min and 240 min after insulin injection (n = 6 for each time point/breed), and their blood and tissues including the PM, OB, pancreas and liver were collected. Tissues were snap-frozen in liquid nitrogen and stored at −80 °C until use. The collected blood samples were allowed to stand at room temperature (20--25 °C) for 2--3 h after collection. After naturally precipitated, the serum was separated under 1500--2000 × g/min for 10 min.

The collected serum was divided into two 1.5 ml centrifuge tubes for the determination of serum insulin levels and other serum biochemical indexes, and stored at −20 °C until use. The content of serum insulin was determined through an insulin enzyme linked immunosorbent assay according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). An automatic biochemistry analyzer (CX4/Pro, Beckman, Brea, CA, USA) was used to determine other serum metabolites including urea, uric acid (URIC), cholesterol (CHOL), triglyceride, high density lipoprotein (HDLD) and low density lipoprotein (LDLD).

Total RNA isolation and Real-time PCR {#Sec13}
-------------------------------------

Total RNA was extracted from liver, PM, OB and pancreas using Trizol reagent (Mei5 Biotechnology Co., Ltd, Beijing, China). The concentration and quality of the isolated RNA were determined by a spectrophotometer (Thermo NanoDrop One, America) and agarose-gel electrophoresis, respectively. The gel electrophoresis diagram is shown in supplementary file. The cDNA was synthesized using a PrimeScrip RT reagent Kit with gDNA Eraser (Perfect Real Time, TaKaRa Biotechnology, Co., Ltd., Dalian, P. R. China) in a 20 µl reaction containing 1000 ng of total RNA with random primers and oligo dT primer according to the manufacturer's instruction. The real-time PCR primers for amplifying chicken GLUT2, GLUT12, NPY, IR and β-actin (Table [1](#Tab1){ref-type="table"}) were designed with NCBI Primer-Blast (<https://www.ncbi.nlm.nih.gov>) and synthesized by Sangon (Sangon Biological Engineering Technology & Service Co., Ltd, Shanghai, China). The β-actin gene was used as an internal control to normalize the individual RNA input. Real-time quantitative PCR was performed in 10 µl reactions contained SYBR Green Master Mix (Mei5 Biotechnology Co., Ltd, Beijing, China), forward and reverse primers (0.1 μM each) and 1 µl cDNA in a BioRad CFX96 (BioRad, America). Real-time PCR reactions were performed in triplicate for each sample under the following conditions: initial denaturation at 95 °C for 5 min, followed by 38 cycles of 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s; and 72 °C for 1 min. Melting curve analyses were performed after all PCR reactions to ensure amplicon Specificity. Real-time PCR data were analyzed with the 2^−∆∆CT^ method, where ∆C~T~ = C~T\ target\ gene~ − C~T\ β-actin~, and ∆∆C~T~ = ∆C~T\ target\ sample~ − ∆C~T\ calibrator~ (maximum average C~T~ value for multiple breeds and multiple tissues and multiple times)^[@CR41]^.

Statistical analysis {#Sec14}
--------------------

Data were analyzed in SPSS 18.0 and expressed as the means ± standard error. One-way ANOVA was used to analyze changes in blood glucose and gene mRNA abundance difference in a certain tissue in the basal state between broilers and Silky fowls. In addition to one-way ANOVA, two-way ANOVA was used to analyze the association between breed and time effect on serum metabolites and insulin level and genes mRNA abundance. If the main or interaction effect was significant, the data were analyzed again by one-way ANOVA. The correlations of serum glucose with serum biochemical indexes, and expression of some two genes were analyzed with Pearson correlation with two-tailed tests. *P* \< 0.05 was considered significant.
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